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Structural correlations have a significant effect on light propagation in disordered media. We numeri-
cally investigate the role of short-range order in light absorption in thin films with disordered nanoholes.
Two types of disordered distributions, including stealthy hyperuniform (SHU) and hard disk (HD) pat-
terns with different degrees of short-range order, are studied. We find that Bragg scattering induced by
short-range order results in the appearance of a gradually sharper absorption peak with the increasing
of degrees of short-range order (χ, φ). A physical model is proposed to calculate the in-plane angularly
differential scattering cross section dσ∗/dθ of thin-film nanostructures with consideration of the structure
factor S(q). Results reveal that higher level of short-range order can enhance in-plane Bragg scattering
in certain wavelengths and directions corresponding to rich and sharp peaks in the structure factor S(q),
which can further modify morphology-dependent-like resonances of an individual scatterer and leads to
large improvement of absorptivity in thin films. Besides, the comparison results show that SHU struc-
tures exhibit better integrated absorption (IA) enhancement than both HD and periodic structures. And
there is a transition of local-order phase between hexagonal lattices and square lattices for SHU structures,
leading to an optimal absorption performance when χ is around 0.5 of interest. The present study paves
a way in controlling light absorption and scattering using novel disordered nanostructures.
© 2018 Optical Society of America
OCIS codes: (290.0290) Multiple scattering; (160.0160) Metamaterials;(350.0350) Nanophotonics and photonic crystals, Solar energy.
http://dx.doi.org/10.1364/ao.XX.XXXXXX
1. INTRODUCTION
Controlling light transport and scattering in disordered pho-
tonic structures is crucial and challenging due to extremely com-
plex interference phenomena of electromagnetic waves, which
spawns a wide range of applications including advanced imag-
ing techniques [1], quantum optics [2], random lasing [3, 4],
renewable energy [5, 6], biophotonics and biomedical applica-
tions [7], etc. Compared to ordered ones, disordered media are
not sensitive to fabrication imperfections, making them easier
to fabricate in practice. Also, light can be scattered multiple
times in complex structures and light-matter interactions can be
efficiently enhanced.
Moreover, disordered structures with controlled short-range
order also provide possibilities to design versatile structures
with specific photonic properties. Recently, such structures have
been used to study the generation of complete and isotropic
photonic band gaps (PBGs) [8, 9] in the absence of conventional
Bragg scattering [10] which has been seen as the precondition
for PBGs in periodic structures. Conley et. al [11] focused on the
characteristics of light transport and localization phenomena in
2D photonic structures with constraint structural correlations
and the analysis revealed that tuning local order provides a
feasible way to manipulate the transport mean free path and
the Anderson localization length. Lasing action in biomimetic
structures with short-range order also has been investigated
experimentally and numerically. Results show that lasing perfor-
mance can be improved and the lasing frequency can be easier
manipulated via the structure factor [12]. Non-iridescent colors
can also be obtained by controlling distributions of nanoparticles
with different sizes and materials [13, 14]. Besides, some studies
emphasized macroscopic physical phenomena [5, 15], including
absorptivity of nanostructures. Amorphous structures exhibit
widerband absorption performance [16–18] and absorptivity can
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be independent of incident angles [19, 20], which are attractive
especially for solar energy harvesting [18, 21].
Recently, the appearance of a new specific correlated struc-
ture called stealthy hyperuniform materials [22, 23], in which
the long-range density fluctuations are suppressed and the struc-
tural correlations can be well controlled by the constraint pa-
rameter χ. These systems are developed in reciprocal space
with the structure factor S(k) = 0 vanishing with wavenum-
ber k < kc. In other words, the number variance σ2N(Rs) ≡
〈N(Rs)2〉− 〈N(Rs)〉2 within a window of radius Rs grows much
more slowly than the volume of the window Rds in real space,
where d denotes dimensionality. Larger value of χ indicates
higher level of short-range order, where structures are more like
ordered ones within short distance. Due to the controllability
of structural correlations and two or three dimensional media
can be fabricated in practice [24], structures with SHU distribu-
tions have attracted much attention. Interestingly, complete and
isotropic PBGs can be developed in such media when the charac-
teristic size a, the averaged minimum distance between adjacent
scatterers, is comparable to the wavelength [9, 24], while it is
difficult for periodic photonic crystals to induce PBGs for both
polarizations simultaneously [10]. Besides, disordered SHU
structures can also be fully transparent in long waveband be-
cause of S(k < kc) = 0 where multiple scattering is chiefly
suppressed [25]. A recent work [26] making comparison be-
tween novel SHU and conventional HD structures have focused
on the formation of PBGs and the normalized density of states
(NDOS) with different degrees of short-range order. Tailoring
Bragg scattering in isotropic Brillouin zone by tuning the degree
of local order, the width of PBGs and the distributions of NDOS
both in SHU and HD structures can be well controlled. Notably,
high similarities in PBGs and NDOS indicate SHU structures
can be seen as the counterparts of HD structures in reciprocal
space [26]. Nevertheless, whether other macroscopic photonic
characteristics of these two disordered structures, such as absorp-
tivity, which is crucial in light trapping and energy harvesting,
are similar or not is worth deeply exploring and further being
discussed.
On the other hand, using periodic or random patterns to
enhance absorptivity in thin films with two dimensional nanos-
tructures has been demonstrated for many years [27, 28]. Espe-
cially for solar energy harvesting, the thin-film nanostructures
embedded with 2D patterns can support strong optical reso-
nances, leading to efficient light trapping and radiation absorp-
tion enhancement [29]. Most of the theoretical and experimental
investigations in thin-film nanostructures have been focused on
periodic structures, for instance, nanoholes and nanowire arrays
with triangular and square lattices [30, 31]. Also, theoretical anal-
ysis proposed by Yu et. al [32] illustrated that random conditions
can be helpful to achieve broadband absorption enhancement,
which has been numerically and experimentally verified [19, 33–
35]. However, the random conditions studied before [28, 35] are
arbitrary to some extent, not only making the absorptivity ma-
nipulation to be much more difficult but also lacking systematic
exploration about underlying radiation absorption mechanisms.
Besides, amorphous photonic structures, which possess short-
range order, are widely discovered in the nature, the eyes and
feather of birds for example, showing a promising potential in
bionics applications in practice [14, 36]. Therefore, it is necessary
to study the influence of structures with controlled short-range
order in absorptivity and the underlying physical mechanisms
should also be investigated in detail.
Fig. 1. (a) Typical configurations of disordered structures for
SHU patterns (left, χ=0.5) and HD patterns (right, φ=0.6) with
(b) corresponding pair distribution functions g(r) (top: SHU
patterns; bottom: HD patterns). The positions of several pro-
nounced peaks appearing in small r are similar for both struc-
tures. (c) Schematic of the thin film with disordered nanoholes.
(d) Periodic boundary conditions are considered when perform-
ing numerical calculations.
Here in this paper we will demonstrate that SHU structures
with different levels of short-range order are capable to achieve
better absorption enhancement by comparing to traditional HD
structures. To explore the absorptivity of thin-film structures
with short-range order, we have carried out numerical simula-
tions on supercells with periodic boundary conditions by using
finite difference time-domain method. Analysis about the size
effects ensures us to restore the short-range order in a supercell.
Then we focus on the influence of different levels of short-range
order in absorptivity. By studying the in-plane effective dif-
ferential scattering cross sections considering the influence of
positional correlations, we show that Bragg scattering induced
by local order, plays a substantial role in strengthening in-plane
scattering and enhancing absorption.
2. MODEL AND METHODS
In this work, two algorithms [26] are adopted to obtain positions
of disordered patterns in two-dimensional systems, including
SHU and HD patterns with different degrees of structural cor-
relations as measured by χ and φ, respectively. Disordered HD
patterns are generated by the isochoric Monte Carlo simulation
with periodic boundary conditions. SHU patterns are obtained
by combining molecular dynamics simulation and a simulated
annealing relaxation scheme running a system of particles with
an optimal pair energy potential [37]
E = ∑
|k|≤kc
S(k) =
1
N ∑|k|≤kc
∥∥ N∑
j=1
e−ik·Rj
∥∥2, (1)
in which k is the wavevector, N is the number of particles and Rj
is the position of the j-th particle. The level of short-range order
of SHU patterns is usually measured by χ = M(kc)2(N−1) in a 2D
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system [26], where M(kc) counts the number of independently
constrained wavevectors [37]. Note that for simplicity we fix
kc =
√
(2M(kc) + 1)/pi in this paper, the side length of the
constrained region Ω, which is instructive in predicting size
effects of SHU structures. Therefore, disordered distributions
are controlled with the target number N of seed points and the
constraint parameters χ for SHU patterns and φ for HD patterns.
Increasing φ and χ results in significant peaks in pair distribution
function g(r), indicating the development of local positional
order, which will be discussed in Sec. 3. The g(r) measures the
statistical averaged probability of finding another scatterer at
a given distance r from the center scatterer normalized by the
average number density ρ = N/L2 (L is the size of the supercell)
and gives
g(r) =
1
ρ
P(r)
s1(r)dr
, (2)
in which P(r) is the probability and s1(r) is the surface area of a
single sphere of radius r. Figure 1(a) shows typical SHU and HD
patterns at χ = 0.5 (left) and φ = 0.6 (right) with corresponding
pair distribution functions g(r) (Fig. 1(b)), respectively. Note
that g(r) = 1 reveals that the point distribution in one system
is totally random. Apparently, long-range density fluctuations
are both suppressed in two types of patterns, and each pattern
possesses a similar short-range order shown in Fig. 1(b). Inter-
estingly, here in this paper we will show the optical absorptivity
of two structures are different in spite of similarity. Note that the
x-axis of g(r) is normalized by characteristic length a = 1/
√
ρ
showing distinct statistical features of structural correlations,
which will be discussed in detail in the next part.
After all cases of disordered patterns are prepared, a thin film
embedded with circular air holes with disordered distributions
(see Fig. 1(c)) is considered to investigate the absorptivity of a
nanostructured film compared with that of the bare film. The
three-dimensional finite difference time-domain (FDTD solu-
tions, Lumerical) is applied to perform numerical calculations.
In order to explore the capability of disordered structures in
enhancing absorption, we study a fictitious material (similar
to c-Si) with very weak intrinsic absorption, whose real part of
permittivity is 12 and the absorption length is 3.3 µm over the
entire incident spectrum, which are adopted from Ref. [19, 28].
The thickness of the thin film is designed to be 0.1 µm, which is
the typical size in thin-film solar cells [38]. The constant radius
of air holes and the filling fraction are chosen to be R = 0.18 µm
and f = NpiR2/L2 = 0.3, which correspond to optimal parame-
ters of square-lattice ordered structures with better absorption
performance [33] . In the simulation region, periodic boundary
conditions (see Fig. 1(d)) are applied in the x and y directions,
while we employ perfectly matched layer (PML) condition in
the normal direction. A plane wave with y-polarization under
normal incidence from the vacuum side is considered ranging
from 0.5 µm to 1.1 µm, and two normalized power monitors
are placed above and below the slab along the z direction to
extract the information about reflectance R and transmittance
T. Therefore, the fundamental absorptivity can be analyzed by
energy conservation A = 1− R− T.
3. EFFECT OF SUPERCELL SIZE
As usual, many studies have focused on high-density hyper-
uniform materials with large sizes [25, 39], whose statistical
short-range ordered features of point distributions can be easily
achieved. It seems to be time-consuming and not applicable to
Fig. 2. The absorption spectra of (a) SHU structures and (b)
HD structures change with the number of nanoholes.
investigate the absorption features with so large configurations
where the number of scatterers is larger than 1000. However,
for smaller configurations, the size effects of the supercell we
consider here (see the red square in Fig. 1(d)) cannot be ignored
since periodic boundary conditions are applied in x and y direc-
tions [40]. Therefore, it is necessary to find a proper size of the
supercell which can fully achieve the main feature of SHU struc-
tures with desirable short-range order before investigating the
influence of different levels of structural correlations in optical
absorptivity. The nanostructured thin films containing different
numbers of air holes ranging from 11 to 225 are considered in
this part. For different cases, the area of the slab increases si-
multaneously to ensure that the filling fraction ( f = 0.3) and
constraint parameters (φ = 0.6, χ = 0.5) are unchanged. No-
tably, we have confirmed that HD structures with φ = 0.6 and
SHU structures with χ=0.5 show high similarity in g(r) (Figs.
1(a), 1(b)). The absorption spectra are obtained by calculating 50
configurations to get ensemble average data.
The results are illustrated in Fig. 2 with some remarkable
differences between two disordered structures. Firstly, the thin
films embedded with disordered nanoholes show distinct ab-
sorption enhancement compared to that of the bare slab exhibit-
ing a fairly broad, low-Q (Q is the quality factor) peak centered
at 0.7 µm induced by the Fabry-Perot resonance [28]. The reflec-
tion and transmission spectra when N = 225 are illustrated in
Fig. 3(a) as well. Compared with the results of the bare slab, the
transmittance for both disordered structures drops sharply by
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Fig. 3. (a) The radiation spectra including A (black lines), R
(purple lines) and T (blue lines) for HD structures (φ = 0.6,
N = 225) and SHU structures (χ = 0.5, N = 225) compared
with the bare slab. (b) The integrated absorption as a function
of the number of nanoholes for two disordered structures. EF =
IA/IAbare. The EF of the periodic structure is smaller than
that of SHU and HD structures when the values of integrated
absorption keep steady, suggesting the amorphous structures
are superior to ordered counterparts.
about 50% and the reflectance is enhanced and broadened at the
same time, leading to broadband absorption enhancement. [41]
Besides, as shown in Fig. 2, HD structures are insensitive to the
sizes and a broad absorption peak is well-preserved for every
case, while structures with SHU patterns present rich spectral
features with several resonances over the entire working wave-
length especially for cases with small domain area. In particular,
for cases with 11 nanoholes, there are several sharp interfer-
ence peaks appearing around short wavelength, implying the
development of a pseudo-order structure. Then the absorption
spectra become much smoother with the increasing of the holes’
number albeit the integrated absorption (IA) does not decrease.
Consistently, the integrated absorption of two structures with
the same constrained local order are diverse as well. Here, we
calculate the integrated absorption defined as
IA =
1
λmax − λmin
∫ λmax
λmin
A(λ)dλ, (3)
where λ is the wavelength and subscripts max and min repre-
sent the maximum and minimum wavelength of interest, respec-
Fig. 4. Pair distribution functions g(r) for (a) SHU structures
and (b) HD structures with different number of nanoholes. The
scaling of the x-axis is consistent with the size of the correspond-
ing structures with different numbers of nanoholes. For example,
for SHU structures with 11 nanoholes, the size of this configu-
ration is L = a
√
N ≈ 3a. Obviously, there are large fluctuations
when N is small for SHU structures while the g(r) can keep
relatively steady for HD structures.
tively. To make a clear comparison with the bare slab, we define
the enhancement factor EF = IA/IAbare, which is the ratio of
the integrated absorption of disordered structures to that of the
bare slab. As shown in Fig. 3(b), both HD and SHU structures,
superior to the ordered one, can enhance absorption greatly with
EF > 6. The maximum IA of SHU structures when absorptivity
keeps steady is larger than results of amorphous structures stud-
ied in Ref. [19], where the working wavelength of interest and
the optical parameters of materials are similar to ours. Because
the disordered conditions in that paper are randomly chosen,
our well-designed disordered structures show better absorption
performance. Moreover, the IA of HD structures does not vary
substantially and keep steady at about 19% regardless of the
variation of the number of holes, which is consistent with the
absorption spectra in Fig. 2(b). In contrast, for SHU structures,
the amplitude of EF increases, and saturates in a limit of the
large systems after the number of holes reaching over 60 with
slight fluctuations. It indicates that there is a minimum size to
minimize the size effects of SHU structures, and the absorption
performance is predicted to be steady when approaching this
value.
In fact, size effects have been considered in much of litera-
ture especially for solar cells to design a well-designed supercell
[40]. In the previous work, the characteristics of these ordered or
random structures can be easily realized with a small size con-
figuration, for example, a supercell with 3a×3a was considered
in Ref. [42, 43]. But for SHU structures with short-range order,
there is a strict requirement for the structure factor S(k < kc) = 0.
Larger kc means that a larger supercell should be considered.
Therefore, it is significant and necessary to study the size effects
firstly.
Theoretically, the size effects for SHU structures can be ana-
lyzed and predicted in real space via the pair distribution func-
tion g(r) and simple k-space analysis. Figures 4(a) (SHUs) and
4(b) (HDs) demonstrates the changes of g(r) for two structures
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Fig. 5. The black curve is the size of the constrained region
changing with the number N of holes. The red line is the
criterion to find a minimum size Nc. In region (1) N < Nc,
klattice > kc, the structures are similar to ordered structures,
while in region (2) N > Nc, the structures can be regarded
as desirable SHU structures with short-range order because of
klattice < kc. Note that this analysis is merely valid for small
cases in our system. For large systems, i.e. N > 1000, the size of
region Ω should be well chosen in the scheme.
with representative small numbers of nanoholes. To explain
the size effects, the maximum value of horizontal coordinate is
given at xmax = L/a, where a is the characteristic length related
to number density ρ and yields a = 1/
√
ρ =
√
f/(piR2). As
shown in Fig. 4(b), for HD structures, even though g(r) exhibits
a small fluctuation within small distance r, the value approaches
unity at large r because of configurations without long-range
order. On the contrary, fluctuation peaks appearing in small size
of the supercell (Fig. 4(a)) indicates the development of pseudo
periodic rather than desirable short-range order especially when
N = 11, 35 for SHU structures. For large cases, the suppression
of long-range density fluctuations is apparently visible and the
structures have possessed stealthy hyperuniform features with
short-range order already.
On the other hand, these changes in topological structure can
be predicted exactly by investigating the relationship between kc
and the typical wavenumber klattice induced by ordered phase.
We know that the constrained region Ω (k < kc) is influenced
by the number of elements N and constrained level χ giving
kc =
√
(2M(kc) + 1)/pi. Generally, for a given χ = 0.5, we hope
to find a minimum value Nc satisfying that structures with the
same constraint parameter possess the same level of short-range
order when N > Nc. The main feature of SHU patterns is that
some independently wavevectors can be restricted with S(k) = 0
within k < kc in reciprocal space. Thereby, if the wavevectors
induced by ordered phase are well constrained in the region Ω,
the desirable SHU patterns can be developed. In Fig. 4(a), there
is a pronounced peak satisfying r =
√
3a in each sub-figure,
indicating the development of the ordered phase like hexagonal
lattices besides r = a. Then, we hope that for a desirable SHU
pattern, klattice = 2pin/(
√
3a) (n = ±1, ±2, · · · ) should be well
suppressed in region Ω and meet klattice < kc. In our systems,
a is a constant and kc is a function of N, therefore, it is easy to
find a minimum number Nc with 2pi/(
√
3a) ≈ kc(Nc) when
|n|min = 1. As such, for a given χ, when N < Nc, the structures
are not real stealthy hyperuniform with obvious long-range
order and more like a periodic one. On the contrary, structures
with N > Nc are expected to be stealthy hyperuniform with
expected short-range order.
The corresponding comparison results are illustrated in
Fig. 5. The red line is marked as the wavenumber klattice =
2pi/(
√
3a). Above the red line with the minimum number
Nc = 62 (the blue dot line), desirable SHU structures with a fixed
constraint level can be developed. Then, it is understandable
that the absorption spectra of SHU structures with N = 11, 35 are
more similar to that of ordered structure compared in Fig. 2(a).
When N is larger than the Nc, long range density fluctuation is
well suppressed in working waveband (Fig. 4(a)), the absorp-
tion spectra of SHU structures become gradually smoother (Fig.
2(a)) and the integrated absorption keeps steady reasonably (Fig.
3(b)). Therefore, in the next section, a large system should be
considered when studying the influence of different levels of
short-range order in absorptivity. Inversely, HD patterns are
developed in real space and there is no strict restriction with
S(k < kc) = 0 in reciprocal space.
4. INFLUENCEOF THE DEGREEOF SHORT-RANGEOR-
DER ON ABSORPTIVITY
Even though some studies have investigated the absorptivity
in thin-film nanostructures with random distributions, the role
of controlled structural correlations in disordered media is sel-
dom discussed. In this section, we consider SHU and HD struc-
tures with different levels of short-range order, containing 200
nanoholes for each configuration, which is reliable since the
main feature of short-range order can be obtained. The compari-
son results about absorptivity are discussed and the underlying
physical mechanisms are also revealed.
Predictably, as shown in Fig. 6, gradually sharper absorption
peaks are ascribed to an important role of local order. Short-
range order is able to introduce definite phase correlations of
light scattered by adjacent scatterers, which leads to constructive
or destructive interference in certain directions and wavelengths.
The same trend can be observed in both two structures but the
performance of SHU structures shows some pronounced peaks.
With the increasing of constraint parameter χ ranging from 0.4
to 0.7, the interference peak labelled with 1 appears and becomes
gradually narrower caused by the minimum distance a between
nearest nanoholes. The second peak is the most remarkable
and the mechanism behind it can be explained by Bragg’s law
induced by local ordered phase (a hexagonal lattice,
√
3a). As
the degree of local order increases, the rising strength of Bragg
scattering strengthen the in-plane multiple scattering and en-
hance the absorption in the slab, which will be unveiled in the
next section.
Figure 7(a) illustrates the IA of two disordered structures
as a function of the constraint parameters, showing that the in-
tegrated absorption of SHU structures are superior to that of
HD structures. Moreover, a turning point appearing at around
χ = 0.5 indicates that there is an optimal state to achieve a bal-
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Fig. 6. The absorption spectra of (a) SHU and (b) HD struc-
tures with different levels of short-range order. There are two
pronounced absorption peaks in both two structures, denoting
by No.1 and No.2, respectively.
ance between short-rang order and disorder, which enables us
to design a variety of media with novel optical properties by
merely taking the degree of local positional order into consid-
eration. Actually, this variation also depends on the features of
local phase for SHU structures when operating the generation
program. SHU structures witness a phase transformation when
the constraint parameter is in the range of 0.5 < χ < 0.7 [26],
thus the local-order phase changes from six-nearest-neighbors to
four-nearest-neighbors, resulting in the reduction of the strength
of constructive interferences. Such features can be seen clearly
from the changes of pair distribution function g(r) illustrated in
Fig. 8(a). Reasonably, as shown in both Figs. 8(a) and (b), the
first peak is induced by the minimum distance between nearest
scatterers, and the second peak appearing at distance r =
√
3a,
indicates that the local-order phase of structures shows a high
similarity with hexagonal lattices (Fig. 7(b)(1)). When the con-
straint parameter approaches χ = 0.7, another obvious peak
occurs for SHU structures and its position agrees well with the
lattice constant (
√
2a) of square lattices (Fig. 7(b)(2)), weakening
coupling strength between nearest scatterers. Thus, the inte-
grated absorption shows a successive decline with IA = 19.28%
slightly smaller than that of when χ = 0.7, suggesting that the
appearance of square lattices has a negative effect on absorption
Fig. 7. (a) The integrated absorption of SHU structures and
HD structures with different levels of short-range order. (b)
Sketch views of (1) hexagonal lattices and (2) square lattices.
The coupled strength decreases during the phase changing from
hexagonal lattices to square lattices since the number of nearest
scatterer reduces.
enhancement for SHU structures.
5. SCATTERING THEORY CONSIDERING SHORT-
RANGE ORDER
Apparently, the degree of short-range order plays an important
role in absorption enhancement in our systems. Before, for a
disordered system with a finite thickness, Kevin et al have inves-
tigated the capability of optical modes excitation by collecting
resonances information in a thin film given by spectral function
[28, 44]. This model is powerful when studying the resonance
density distributions of random systems illustrating a map of
electromagnetic field distributions, but lacks detailed informa-
tion about the effect of positional correlations of scatterers on de-
pendent scattering. Besides, the effects caused by the individual
scatterer or the positional correlations cannot be distinguished
clearly as well. Therefore, we employ scattering theory to ac-
count for structural correlations and therefore the modifications
they induce in the scattering features of the system.
Fundamentally, as for a medium where scatterers are ran-
domly arranged and far from each other, the independent scat-
tering approximate is valid. And the total scattering cross section
can be simply expressed by σ = ∑Ni=1 σi with σi being the cross
section of the individual scatterer [45]. However, in our sys-
tems, the existence of short-range order induced by the typical
distance between adjacent scatterers will imply a certain phase
relation depending on wavelength and direction of scattered
waves, leading to either destructive or constructive interference
between them. Therefore, we consider effective differential scat-
tering cross section dσ∗/dθ by correcting the single scatterer
differential cross section dσ/dθ with the structure factor S(q)
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Fig. 8. Pair distribution functions g(r) for (a) SHU structures
and (b) HD structures with different levels of short-range order.
With each increase by Mχ =Mφ = 0.1, curves are shifted verti-
cally by 1 for better separation. Each curve is the result of an
averaging over 100 statistically independent patterns with the
same constraint level.
expressed as [46, 47]
dσ∗
dθ
= S(q)
dσ
dθ
, (4)
in which q = (4pine/λ)sin(θ/2), θ is the scattering angle and ne
is the effective refractive index according to Maxwell−Garnett
mixing rule [48, 49]. This method has been extensively inves-
tigated in two-dimensional structures and dσ/dθ can be easily
calculated from Mie theory of a infinite cylinder with the inci-
dent and scattered light in the x-y plane[11, 50, 51]. But, the
thin-film structure considered here is illuminated in the z direc-
tion. Therefore, to account for structural correlations in in-plane
scattering and absorption enhancement, we merely collect scat-
tering intensity in the x-y plane of a single scatterer (a thin disk
embedded with a nanohole).
The angular scattering pattern (dσ/dθ) of an individual scat-
terer is illustrated in Fig. 9(a) corresponding with the in-plane
scattering cross section with y-polarization incidence. A broad
peak appearing in Fig. 9(b) for σin-plane indicates the existence
of weak morphology-dependent-like resonant modes induced
by its geometrical features [52]. Since the leakage scattering
lights along z direction are useless for in-plane absorption en-
hancement and structural correlations in the x-y plane have no
effect on light transport in the third direction, it is reasonable
Fig. 9. (a) The in-plane differential scattering cross section of
the individual scatterer corresponding with (b) the in-plane
scattering cross section as a function of wavelength. Note that
we just collect the scattering intensity in x and y directions,
and there are weak morphology-dependent-like resonances for
σin-plane appearing around 0.75 µm.
Fig. 10. Angular-averaged structure factor of (a) SHU struc-
tures and (b) HD structures for different levels of short-range
order with corresponding 2D structure factor for two typical
constraint levels shown on the bottom. With each increase by
Mχ =Mφ = 0.1, curves are shifted vertically by 1 for better
separation. Each curve is the result of an averaging over 100
statistically independent patterns with the same constraint level.
The in-plane angle ranges 0 ∼ 2pi.
to take in-plane scattering and structural correlations into the
aforementioned scattering model in Eq. (4). Then, we can unveil
that short-range order will substantially modify the resonant
scattering patterns in our systems.
Numerically, for a many-particle system, the geometrical
structure factor can be accurately calculated via involving col-
lective density variables C(q) according to Euler’s formula as
follows [53–55]
S(q) =
1
N
∥∥ N∑
j=1
e−iq·Rj
∥∥2 = 1+ 2
N
C(q), (5)
in which
C(q) =
N−1
∑
j=1
N
∑
i=j+1
cos[q · (Rj − Ri)]. (6)
The results of angular-averaged structure factor of disordered
structures considered in this paper are illustrated in Fig. 10 with
representative two-dimensional contour plots showing on the
bottom. Obviously, the contour plots show circular ring pat-
terns, indicating that the structure is isotropic and there exits
dominant wavelength corresponding to radius of the ring [8, 56].
The isotropic scattering also indicates that light scattering in
disordered media is insensitive to the polarization states of the
incident light [20, 42]. Results show that positional correlations
gradually develop as the φ and χ increase with significantly ris-
ing height of the peaks in S(q). The second peaks in HD systems
(the second radius in contour plots) indicate the development
of a hexagonal lattice, while new peaks appear for SHU sys-
tems showing the formation of a square lattice (see 2D S(q) with
χ = 0.7), which is consistent with the results of pair distribution
function g(r) (Fig. 8(a)). For large φ and χ, additional peaks
develop meaning the appearance of quasi-long-range order with
several pronounced peaks. The positions of these peaks, related
to the Bragg’s condition [57], can tell us for which scattering
vectors we could see an enhancement of scattering. And for
SHU structures the enhancement will obviously be greater. As
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Fig. 11. Plots of in-plane effective differential scattering cross
section dσ∗/dθ (right) and the structure factor S(λ, θ) for SHU
structures as a function of λ and θ. (a) χ = 0.4, (b) χ = 0.6,
(c) χ = 0.7. As the constraint level increases, the second peak
induced by typical local-order phase in S(λ, θ) plays an grad-
ually significant role in correcting differential scattering cross
section of the individual scatterer. The numbers 1 and 2 indicate
the first and second peaks in the structure factor. We do not put
the results of χ = 0.5 here because they are similar to results of
χ = 0.4. All patterns share the same color scale bar on the top of
each column.
such, one can predict that the angular scattering intensity distri-
butions will be influenced significantly due to the development
of structural correlations.
In Fig. 11 and Fig. 12, we show the angular and spectral
resolved effective differential scattering cross sections dσ∗/dθ
(left) with the corresponding structure factor S(λ, θ) (right) for
two disordered structures with different levels of local order.
All patterns share the same color scale bar on the top of each
column. As expected, with higher χ and φ, dσ∗/dθ exhibits
increasingly sharper features in certain wavelengths and angles
due to the oscillations of the structure factor (see Figs. 11(b),
(c) and 12(c)), while there is little change in the cases of small
constraint parameters shown in Fig. 11(a) and Figs. 12(a), (b).
Actually, for the resonances induced by the individual scat-
terer, the second Bragg-like peak of S(q) (labeled with 2 in Figs.
11 and 12) plays a dominant role in scattering modification, giv-
ing considerable weights to the scattering enhancement. Clearly,
for the small constraint condition light scattering between scat-
terers is independent and the total scattering intensity is a sum
of that of each scatterer in a random medium, which is the main
reason for the similarity in the shape of in-plane scattering cross
Fig. 12. Plots of in-plane effective differential scattering cross
section dσ∗/dθ (right) and the structure factor S(λ, θ) for HD
structures as a function of λ and θ. (a) φ = 0.4, (b) φ = 0.6, (c)
φ = 0.7. The numbers 1 and 2 denote the first and second peaks
in the structure factor. We do not put the results of φ = 0.5 here
because they are similar to results of φ = 0.4. All patterns share
the same color scale bar on the top of each column.
section (see Fig. 9(b)) and absorption spectra with small levels
of local order (see Fig. 6). However, for strongly correlated
structures, the in-plane scattering is enhanced with gradually
pronounced peaks in Figs. 11(b), (c) and 12(c) resulting from
the interplay of resonant modes of the individual scatterer and
Bragg scattering induced by strong local order. Note that extra
peaks developing for SHU structures with high degrees of local
order also have a gradual positive impact on scattering for both
short and long wavebands, leading to the development of other
peaks at either long or short wavelengths in Fig. 6(a). Besides, it
is obvious that the maximum amplitude of scattering intensity
and the value of peaks of the structure factor for SHU structures
are both larger than that of HD structures with brighter color
both in dσ∗/dθ and S(λ, θ), agreeing well with the results of
integrated absorption in Fig. 10(a). Admittedly, this model also
has some limitations, including ignoring the near-field effects of
adjacent scatterers, which has a significant impact on effective
dielectric index of the surrounding media [56, 58, 59]. A more
accurate model should be developed by considering near-field
effects when study the influence of short-range order in scat-
tering mean free path, scattering anisotropy factor and so on,
which will be our further work.
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To study the impact of short-range order on light absorption
in disordered media, we make a detailed comparison between
novel stealthy hyperuniform structures with conventional hard
disk structures. Firstly, for structures with a given constraint
degree, we focus on the absorptivity of supercells and find a
proper size for SHU structures, thereby possessing desirable
short-range order, while there is no strict limitation for HD struc-
tures whose structural correlations are insensitive to size effects.
Then, for both SHU structures and HD structures, absorptivity
can be further tuned by changing the level of short-range order.
A pronounced peak exits in absorption spectra for both SHU and
HD structures , which can be ascribed to in-plane Bragg scatter-
ing. The analysis of in-plane effective differential scattering cross
section correcting by the structure factor reveals that higher de-
gree of short-range order leads to stronger Bragg scattering with
several peaks in the structure factor, which can well modify the
angular and spectral scattering distributions of the individual
scatterer and result in better absorption performance in certain
waveband. The results can also be generalized to structures with
different thicknesses or based on realistic materials.
Moreover, although SHU structures and HD structures show
high similarities in the development of PBGs in reciprocal
space [26], SHU structures are more flexible and show better
performance in light absorption manipulation. It indicates that
absorption is a macroscopic integrated quantity over the entire
real space so that there is no symmetry with respect to real space
and reciprocal space. Notably, light scattering in disordered
media is isotropy and independent on the polarization states
of incident light, therefore the SHU and HD structures would
show definite absorption enhancement for x-polarization as
well, which has been verified in several research papers [20, 42].
The present study opens new opportunities in controlling
light absorption using novel disordered nanostructures with
short-range order. Furthermore, we expect SHU structures to
be desirable in other applications like manipulating the optical
performance of random lasing [60] and structural coloration [14].
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